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Abstract: The effects of the spin-orbit and the tensor parts of the instanton-induced 
interaction on the excited nonstrange baryons up to N=2 and on the two-nucleon systems 
are investigated. The spin-orbit force from the instanton-induced interaction cancels most 
of that from the one-gluon exchange in the excited baryons while the spin-orbit force in the 
nucleon systems remains strong after the inclusion of the instanton-induced interaction. The 
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spectrum and the scattering phase shifts of two nucleons in the spin-triplet relative P-wave 
state. 
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1 Introduction 



Valence quark models have been applied to low-energy light-quark systems and found to be 
successful in reproducing major properties of the hadrons and hadronic systems. The reason 
why such models can be so successful is not well understood. The empirical approach, 
however, suggests a few reasons. One of them is that the model space has an appropriate 
symmetry. Another reason is that a light quark has rather heavy effective mass. In such 
a low energy region, the effects of complicated configurations such as qq excitation and 
dynamical gluon effects are considered to be taken into account by employing constituent 
valence quarks and effective interactions among quarks with the required symmetry. 

These empirical models usually contains three terms: the kinetic term, the confinement 
term, and the effective one-gluon exchange (OGE) term. It is considered that OGE stands 
for the perturbative gluon effects and that the confinement force represents the long-range 
nonperturbative gluon effects. 

It is well known that the color magnetic interaction (CMI) in OGE is responsible to pro- 
duce many of the hadron properties. By adjusting the strength of OGE, CMI can reproduce 
the hyperfine splittings (HFS, e.g., ground state N-A mass difference) P|,P[Blffl as well as the 
short range repulsion of the two-nucleon systems in the relative S'-waveP,p,0|. It, however, 
is also known that the strength of OGE determined in this empirical way is much greater 
than 1, which makes it hard to treat it as the perturbative effect. 

Moreover, the valence quark model including only OGE as an origin of HFS has a spin- 
orbit problem. The spin-orbit part of OGE is strong; it is just strong enough to explain the 
observed large spin-orbit force between two nucleons[[5],|6|]. On the other hand, the experi- 
mental mass spectrum of the excited baryons, N* and A* resonances, indicates that such a 
strong spin-orbit force should not exist between quarks. A valence quark model in which the 
spin-orbit parts of the quark-quark interaction are removed by hands can well simulate the 
observed mass spectrum It was pointed out that the confinement force also produces 
the spin-orbit force, which may cancel the one from OGE in the excited baryons|fJ]. Suppose 
one takes the spin-orbit part of a two-body confinement force into account, however, it also 
cancels the spin-orbit part of OGE in the nuclear force0. To explain both of the features 
at the same time is highly nontrivial. 

The instantons were originally introduced in relation to the Ua(1) problem; their cou- 
pling to the surrounding light-quark zero modes produces the flavor-singlet interaction be- 
tween quarks, which leads the observed large mass difference of rf- rj mesons |8]J§. How this 
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instanton-induced interaction (III), which contributes by a few hundred MeV in the meson 
sector, affects in other hadron systems is an interesting problem. Actually, several recent 
works indicate that the effect is also large in the baryon sector p~0jJTT|JT^JT3| , p^JT5|1 . It is 
hard to determine the strength of the instanton effects quantitatively directly from QCD. 
The above empirical works on III can contribute also in understanding the structure of the 
QCD vacuum. We argue that a valence quark model should include III as a short-range 
nonperturbative gluon effect in addition to the other aforementioned gluon effects. 

In ref.[H|, we demonstrated that introducing III may solve the above difficulty in the 
P-wave systems due to the cancellation between OGE and III. In this paper, we discuss 
effects of the noncentral parts, especially the spin-orbit part of 1 1 1 on the excited nonstrange 
baryons up to N = 2 and on the two-nucleon systems. We employ a quark potential model 
for that purpose because it can deal both with the single baryons and with the two-nucleon 
systems, and because the discussion based on the symmetry can be performed more clearly 
for the present subject. In section 2, we will show the model hamiltonian. The discussion 
based on the symmetry is presented in section 3. The numerical results are shown in section 
4. The discussion and the summary are in section 5. The complicated wave functions and 
the matrix elements are summarized in the appendix. 



2 Quark Model with Instanton Induced Interaction 

We assume that both of OGE and III are included in the quark model hamiltonian: 

#quark = K + (1 - PlIl)V GE + PinVbl + Konf , (1) 

where pni is a parameter which represents the rate of the 5-wave N-A mass difference 
explained by III. When one introduces the interaction strong enough to give the observed 



77-77' mass difference, pm becomes 0.3-0.4 |TT],|T2|,|T3| . Voge and Vm are the Galilei invariant 
terms of the III and OGE potentials. 

According to the instanton liquid model, the size of instantons is about 0.3 fm, which is 
a new scale of the low energy QCD phenomena|9|]. The instantons and the anti-instantons 
couple to flavor- singlet light quarks. Assuming the instanton is small enough comparing to 
the system we consider, one obtains the effective interaction between quarks arising from 
that coupling as @,|lO|,|ll],BIIH : 



Hui = V {2) J2M^)MJ) y-^a - \°i ■ vj) MJ)M*) + (h-c), (2) 

i<j 



(2) 

where Vq is the strength of the two-body part of III. We obtain the following potential 
performing the nonrelativistic reduction to the lowest non- vanishing order in (jp/m) for each 
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The same procedure for OGE leads |5|,|l^] 



Voce = ^a s ^ 

i<j 



(A, ■ Xj) 



a , ■ a , 



+ 



6m 2 2m 2 q- 



:LS + 



12m 2 



s 



12 



with 



(3) 



(4) 



(5) 



LS = {a-i + a-j) -i[q x ( Pi - Pj )}/A 
= 3((Ti ■ q)(a j ■ q)/q 2 - (a-i ■ a-j 



Si 



Here A{- avor 



:i - R 



flavor 
ij 



(6) 
(7) 



)/2 is the antisymmetrizer in the flavor space, m u = rrid = in 



is a constituent quark mass, and q is the three momentum transfer. The values of m, the 

(2) 

strength of each interaction, a s and V , with the size parameter b of the quark core of 
the baryon, are listed in table 1. These values are chosen as follows |5|j6] jrT|JT2] , p!3[] : the quark 
mass is 1 /3 of the nucleon mass; the size parameter b is taken to be a little smaller than the 
real nucleon size reflecting that the observed baryon size has contribution from the meson 

(2) 

cloud; a s and Vq are determined to give the ground state N-A mass difference [i 



9 V, 



(2) 



293MeV = /i 



3V2rrmlb 3 4^ & 
a con f, the strength of the confinement potential, can be determined by Sm^/Sb = 0; and pm 
is taken to give the rj'-rj mass difference. 



3 Symmetry 

One of the reasons that the nonrelativistic quark model can successfully predict the properties 
of the low energy system is that the model has an appropriate symmetry. We discuss here 
whether the observed properties in the spin-orbit force, small in the single baryons and large 
in the two-nucleon systems, can be explained by discussion based on the symmetry. 
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The interactions (ffl) and (^j) consist of operators which conserve the flavor symmetry. 
Thus, the spin-orbit or the tensor part of the two-body interactions for a quark pair, which 
requires the quark pair to be symmetric in the spin space, can be decomposed as follows: 

O = A + O s + S + O a , (9) 

where 

— Qjorb gspin jcolor jjlavor (10) 

qS — Qjorb gspin gcolor g flavor (11) 

~Q = Q gorb gspin j^color g flavor (12) 

_ Q^orb ^spin gcolor j^flavor (13) 

with antisymmetrizers A's and symmetrizers iS's. For a quark pair with the relative-odd 
partial wave, the first two terms in the right hand side of eq. @ are relevant, while the last 
two terms are for relative-even partial-wave pairs. The operator with bar is for color singlet 
pairs, which is relevant to the single baryons. Those for the flavor-singlet (-octet) quark 
pairs are marked by A (S). 

The noncentral term of III contains only flavor-singlet components, O and O ; OGE 
has all of the component in eq. ([]). Since OGE is vector-particle exchange and III is alike 
to scalar-particle exchange, their noncentral term has an opposite sign. Thus, there is a 
spin-orbit cancellation where both of OGE and III survives. Namely, it occurs only for 
the flavor- singlet quark pairs: the odd-partial wave pairs in color-singlet systems and the 
even-partial wave pairs in color-octet systems. 

To see the properties of the single baryons and of the short range part of the two-nucleon 
systems, we evaluate the energy of systems by the gaussian wave functions where the center- 
of-mass motion is eliminated: (0p)(0s) 2 for the negative-parity single baryons, (ls)(0s) 2 , 
(0p) 2 (0s) and (0d)(0s) 2 for the positive-parity single baryons, and and (0p)(0s) 5 for the 
six-quark systems. 

In Table 2, the contribution of matrix element of each operator is listed (see appendix) 
for the negative-parity baryon N*( 5 /2~), for the positive-parity excited baryon N*( 7 /2 + ), and 
for the six-quark state with the relative P-wave two-nucleon quantum number. Once the 
parameters are taken to satisfy eq.(§), the contribution can be expressed in units of /i together 
with the dimensionless parameter mb. The contribution of the color symmetric operator, i.e., 
the operator without a bar, is found to be dominant in the six-quark state. Since there is no 
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cancellation for that operator, the spin-orbit reduction of the relative P-wave two-nucleon 
systems is small. Within the single baryon, of course, only the operators with a bar are 
relevant. The OGE-III cancellation occurs in the spin-orbit part operating on the odd-wave 
quark pairs in the single baryons. It is the spin-orbit force between the odd-wave quark pairs 
that should disappear in the single baryon as we will show in the next section. Thus, we 
expect that this cancellation will lead the observed properties in the spin-orbit force. 

4 Results and Discussions 
4.1 Single Baryons 

We investigate the mass spectrum of the excited nonstrange baryons by a nonrelativistic 
quark model with the spin-spin, the spin-orbit and the tensor parts of OGE and III. The 
central spin-independent part has been modified. The central part of the original model 
hamiltonian eq. ([TJ|) does not produce the correct zeroth-order splitting seen in the positive 
parity iV=2 baryons. It is mainly because the spin-independent contact interaction from the 
one-gluon exchange is strong and has a wrong sign. As ref . |],|]|| pointed out, the deviation 
of the spin-independent force from harmonic will be much important and be expressed by 
the following parameterization. We use the same method in ref. || with the same values 
except for a little modified E : 
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where Voce (Vm) is the spin-spin, the spin-orbit and the tensor part of Voce (Vm). 

Our results in this subsection are affected by only few parameters: Eq to give the ground 
state energy, Q to give the difference among the ground states, the N=l negative-parity 
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baryons and the N=2 positive-parity baryons, 5 to split the N=2 baryons, \i in eq.(|8]) for 
the hyperfine splittings, (m u b) 2 , and pm to give the relative strength of III. This estimate 
by the harmonic oscillator wave function is affected only by the above combinations of the 
parameters listed in table 1. The values of the parameters here are reasonable. Eq is close 
to 3m u , and the strength of OGE a s (l — pm) becomes smaller when pm = 0.4. 

In Fig. la) and b), the mass spectra of the negative-parity and the positive parity baryons 
are shown. The ground state mass is kept 940 MeV for the nucleon and 1240 MeV for A in 
each parameter set. The observed mass spectrum is shown by stars (the weighted average 
of the observed values) and boxes (possible error) [jDJ . The number of the stars corresponds 
to reliability of existence of the states: the four-star state means that its existence is certain 
while the one-star state means that evidence of its existence is poor. 

The next right to the experiment is the mass spectrum given by H c . This three-parameter 
model gives an excellent prediction for the excited baryons. The third spectrum is derived 
from the hamiltonian which contains H c and the tensor term of OGE {pm = 0): it corre- 
sponds to the one in ref. 0,0], where the spin-orbit term is omitted by hand. The introduction 
of the tensor term gives little change in the spectrum. Actually, one cannot conclude that 
the tensor term is necessary only from the mass spectrum; it was included so as to give 
correct decay modes |L8|. 



The fourth column contains the central, the spin-spin and the spin-orbit term with pm = 
0. The spectrum, especially for the nucleons, is destroyed completely; which is the reason 
why the spin-orbit term had to be removed in ref. f2]j3|]. The question is, however, whether 
all the spin-orbit terms should be removed or not. The excited A* mass spectrum is better 
than the nucleons'. There, all the quark pairs are in the flavor symmetric; the spin-orbit 
term exists only for the relative 0c?-wave pairs. 

The hamiltonian of the fifth spectrum is the same as the fourth one except that we remove 
all the spin-orbit force between the relative Op-wave quark pairs, namely, flavor-singlet pairs. 
The remaining spin-orbit term affects only the relative Oci-quark pairs. The excited nucleon 
spectrum changes drastically; most of the spin-orbit effects, which destroy the spectrum, are 
found to come from the relative Op-wave quark pairs. The remaining effects of the spin-orbit 
force are still somewhat stronger than the best fit, but the spectrum becomes much more 
closer to the realistic one. 

As we showed in the previous section, the spin-orbit force between the relative odd partial 
wave pairs reduces by introducing III. The sixth column corresponds to the hamiltonian 
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( |T3|) with pni = 0.4; it includes the central (parameterized), the spin-spin, the spin-orbit and 
the tensor terms of both OGE and III. In this choice, the strength of the spin-orbit force 
between Op-pairs reduces by 0.32 from the pm = case while that between Orf-pairs reduces 
by (1 — pin) = 0.6. Note that this simple model does only have six parameters (E , D , 5, 
/i, (m u b) 2 and pni) for the whole nonstrange baryons up to the N=2 including both of the 
positive parity and the negative parity states. We do not adjust the relative strength of the 
spin-spin, the spin-orbit and the tensor term. The result is reasonably consistent with the 
experiments. Thus, we can conclude that the flavor-singlet interaction plays an essential role 
in reducing the strong spin-orbit force in the excited baryons to the observed strength. 

In ref . [|],[3],[l8| , the tensor part of OGE was introduced so as to give an appropriate decay 
rates. One of their examples is the relative strength of the 7rN decay from two A( 5 /2 + ): 
A (1905) and A (2000). We estimate the ratio of the decay matrix elements for those states 



using the transition operator defined in|T8[], where they assumed the pointlike pion is emitted 
from single quark. The calculated matrix element for the higher A( 5 /2 + ) is found by about 
30% smaller than that of the lower state. The experimental partial decay width of the lower 
energy state to the 7rN channel is 32 to 39 MeV; two experiments are reported for the decay 



width from the higher energy state: 5 and 28 MeVfllT]]. It seems that the higher state decays 
more weakly to 7rN than the lower state. This decay-rate ratio for these states is consistent 
with the experiments, though it should be considered as a very rough estimate. 

A possible flaw of our model as well as that in ref. P,^,p^1 is A( 3 /2 + ). Two A( 3 /2 + ) are 
seen experimentally: A(1600) and A(1920); both of them decay to the 7rN channel rather 
strongly. The lowest energy level of the predicted states is 1734 MeV. Inclusion of the spin- 
orbit term and III has made the state lower by about 150 MeV, but the level is still higher 
than it should be by about 100 MeV. The estimated decay matrix elements from both of the 
two lower states to the 7rN channel are large, but that from the highest level is small. The 



couplings to the baryon- meson channel, such as N7r, may be important ||19||. The experiments 
have a large error also for these states. Further investigation both in the experiments and 
in the theories is necessary to clarify this problem. 



4.2 Two Nucleons 

The main purpose of this paper is to show the inclusion of the instanton induced interaction 
gives the channel specific cancellation of the spin-orbit force between quarks. In the symme- 
try consideration we show that the spin-orbit force in the two-nucleon scattering does not 
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reduce much by introducing III. In this section we show that a realistic quark cluster model 
including III can actually reproduce the two-nucleon scattering phase shift for the triplet 
P-wave states. 

The wave function is the same as those in ref . P,|6|,^2| : 



(20) 



The notation is the same as that in the appendix, except for x{R)i the relative wave function, 
which is now to be solved. 

The hamiltonian for the valence quarks is eq. (|l|) , except that we omit the tensor terms of 
OGE and III because the tensor force between the quarks is not dominant in the two-nucleon 
system||. We use the linear confinement potential for V con { in eq. ([]]): 



V:onf ^ ^ ^conf Tij 
i<j 



(21) 



After integrating out the internal coordinates of the nucleons, we have the resonating group 
method equation: 



{H q + iV^VEMEpiV 1 / 2 - EN} X = 



(22) 



with H q is the hamiltonian kernel for H quar k, N is the normalization kernel. The effective 
meson exchange potential, Vemep, is multiplied by N 1 / 2 because the potential Vemep should 
be added to the equation in the Schrodinger form. Here we take Vemep to have the central 
and the tensor parts of the one-pion exchange with the form factor corresponding to the size 
parameter b, and the gaussian-type central attraction 0: 
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The parameters V a and r a in Vemep are determined by fitting the experimental phase shifts of 
the triplet partial-odd wave states with fixed r a (table 1.) The coupling constant gl/(4n) = 
13.7 is taken from ref.0]. The other parameters in H quar k are the same as in the previous 
section, which are also listed in table 1. 

To see the contribution from the spin-orbit term more clearly, we recompile the phase 
shift as[§@ 

S( 3 Pc) = l^CPo) + ^( 3 Pi) + ^( 3 P 2 ) (29) 

K'Pt) = -^( 3 P ) + ^( 3 Pi)-^( 3 P 2 ) (30) 

K'Pls) = -\K*Pz) ~ \8{*Pi) + ^( 3 P 2 ) . (31) 

The calculated phase shifts are shown in fig. 3 together with those of the energy- dependent 
phase shift analysis for the low-energy region, VZ40, taken from SAID database J20|. The 
central part seems to require more sophisticated effective meson exchange than the two- 
ranged gaussian potential. The one-pion exchange can give enough strength to the tensor 
part of the two-nucleon system. The spin-orbit force is reproduced by the quark model well, 
even when III is included by pm = 0.4. As seen in table 2, the cancellation occurs only for 
the color-singlet quark pairs, which play minor role in the P-wave two-nucleon systems. The 
III spin-orbit part for the color-singlet pairs has the same sign as that of OGE. Thus, the 
reduction of the spin-orbit effect by including III is less than (1 — pm). 



5 Discussion and Summary 

We investigate the effects of the noncentral part of the instanton induced interaction on the 
excited nonstrange baryons and two nucleon systems. It is found that III spin-orbit force 
cancels the OGE spin-orbit force in the excited baryons while the spin-orbit force in the two 
nucleon systems remains strong after the inclusion of III. 

The other possible source of the noncentral part is the confinement force. Such a channel 
specific cancellation, however, occurs because that III only affects the flavor- singlet quark 
pairs. The two-body confinement force, which has the factor (A ■ A), shows similar channel 
dependence to OGE and cannot produce the cancellation required here. 

The meson-exchange also produces the noncentral parts. Usually, the a, p and u mesons 
are considered as the main source of the spin-orbit force between the nucleons. This picture, 
however, cannot be applied to the quark systems in a straightforward way. These mesons 
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are not pointlike; one cannot safely assume that they interact directly to quarks. Moreover, 
their couplings to the nucleons are determined mainly from the two-nucleon scattering data 
empirically In a model which includes only meson and baryon degrees of freedom, the ujN 
coupling is usually taken to be strong so as to produce the short-range repulsion between two 
nucleons. In a quark model the repulsion is explained by the quark Pauli-blocking effect, by 
OGE and by III. The a-meson exchange, which produces the intermediate attraction, also 
stands for complicated modes such as two-pion exchange, coupling to the irA channel, and 
even the attraction from III. It is hard to determine the genuine coupling to the mesons. 
Here we take a quark-meson hybrid picture; the short-ranged properties are explained by 
the nature of a quark model and the long-ranged properties are explained by the meson- 
exchange model. The modes which can be presented by the mesons are taken into account 
as the meson clouds. The p-meson cloud has similar dependence to OGE because (t-t) shows 
similar channel dependence to (A ■ A); it will not produce the channel-specific cancellation 
to OGE. The spin-orbit force of the u or a cloud may produce such a cancellation. Their 
strength, however, becomes smaller in such a picture. The contribution from meson clouds 
is unlikely to produce large effects required here. 

On the contrary, there is a clear evidence for the existence of the interaction between 
the flavor-singlet quarks in the meson mass spectrum, i.e. rj'-rj mass difference; this effect 
is considered to come not from the meson exchange but from the instanton-light quark 
coupling, whose role we investigate here. It is natural to think that there are large effects 
from III also on the properties of the baryons or baryon systems, one of which, we argue, is 
the cancellation in the spin-orbit and the tensor force. 

The spin-orbit and the tensor part of 1 1 1 survives only for the color-singlet quark pairs in 
a relative-odd partial wave state or for the color-octet quark pairs in a relative-even partial 
wave state. There, the cancellation of the spin-orbit and tensor parts occurs between OGE 
and III; which leads the particular cancellation required. The relative strength of each term 
may change if we take into the higher order relativistic effects account. The channel-specific 
cancellation is, however, explained based on the symmetry; the overall nature will still be 
valid with the change of the model parameters. 

This discussion based on the symmetry have to be reexamined when one considers the 
relativistic systems or the systems including strangeness. The estimate by the MIT bag 
model indicates that the major effect of the cancellation still exists in the negative-parity 
baryons ||13||. It is interesting to investigate the role of the instanton induced interaction in 
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the excited baryons with the strangeness, especially in the flavor-singlet states, which will 
be presented in elsewhere. 
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tists (A) (No. 07740206), for General Scientific Research (No. 04804012) and for Scientific 
Research on Priority Areas (No. 05243102) from the Ministry of Education, Science, Sports 
and Culture. 
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Appendix A: Matrix Elements by the harmonic oscil- 
lator wave functions 



Here we evaluate each operator defined by eq. ©. 

5.1 Single Baryons 
5.1.1 Wave functions 

a) S-wave baryons 

There are flavor-decuplet states with J p = 3 /2 + and flavor-octet states with 1 /2 + . By writ- 
ing the orbital angular momentum, L, and intrinsic spin, S, explicitly with the dimension in 
the flavor space, D F , and the dimension in the spin-flavor space, D SF , as |D F ; D SF (LS)J P ) , 
they are represented as: 
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b) P-wave baryons 

There are flavor-decuplet states with J p = 3 /2 _ and flavor-octet states with J p = 
i 1 ^) 2 , ( 3 /2~) 2 , 5 /2~- For a future use, we listed flavor-singlet states with 1 /2~, 3 /2~ for the 
strangeness —1 systems. In the same representation above, they are: 
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c) N = 2 positive parity baryons 

There are flavor decuplet states with J p = (V2 + ) 2 , ( 3 /2 + ) 3 , ( 5 /2 + ) 2 , and 7 /2 + , flavor octet 
states with (V2 + ) 4 , ( 3 /2 + ) 5 , ( 5 /2 + ) 3 , and 7/ 2 + , and flavor singlet states with (V2 + ) 2 , ( 3 /2 + ) 2 , 
and (5/ 2 + ) 2 : 
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8;20(li)j + 



1:20(1^]./+ 



[1 3 ] C ){|[21]°)|[3] F )|[21] S )} [3] 
[ir){|[21]°)|[21] F )}[3]|[3] S ) 
[ir)|3] ){|[21] F )|[21] 5 )} [3] 
[ir){|[21]°)|[21] F )|[21] 5 )} [3] 

[i^>{|[2i]°>|[ir>l[2i] 5 >}[i3] 



(39) 
(40) 
(41) 
(42) 
(43) 



KmiirHi^inipin}^ 

|[1 3 ] C )I[1 3 ]°)I[1 3 ] F )I[3] 5 ) 



(44) 
(45) 



(46) 
(47) 



{|[21] Q )|[21] /3 )} [3] = -^={|[21] Q MS)|[21] /3 MS) + |[21] a MA)|[21] /3 MA)} 

{\[2ir)\[2lf)} [l3] = i={|[2irMS)|[21]^MA)-|[21]«MA)|[21]^MS)} 

{|[21] Q )|[21] /3 )|[21] 7 )} [3] = X - {-|[21] a MS)|[21] /3 MS)|[21] 7 MS) + | [21] Q MS) | [21pMA) | [21pMA) 

+ | [21] a MA) | [21]^MS> | [21] 7 MA) + 1 [21] Q MA) | [21]^MA) | [21] 7 MS) } (48) 

The orbital wave function in the coordinate space can be written by Jacobi's coordinates, 
£ = (r*i — r 2 ) / y/2, r) = (ri + r 2 — 2r 3 ) / \/Q and R G = {r\ + r 2 + r 3 ) / \/3. When we write 
\NL[f}), they are 



|00[3]> 




(49) 


|01[21]MS) 


= ?M0?M?7) 


(50) 


01 [21] MA) 


= ?M£)?M*7) 


(51) 


|oi[i 3 ]) 


= hM£) x ^op(^)] 1 


(52) 


|02[3]> 




(53) 


|02[21]MS) 


= -^-faM^^M*/) - ipos{$,)ipod{r])} 


(54) 


02 [21] MA) 




(55) 


|10[3]> 


= ■j={i/>i,(€)il>os('n) + i>os(€)i>is(ri)} 


(56) 
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|10[21]MS) = -L{^ ls (0^o s (r7)-Vo s (0^i s (r7)} (57) 
|10[21]MA) = x ^fa)] , (58) 



where [a; x &z']£f = J2{l m l' m '\LM)ai m b, 



'I'm'- 

The flavor part is the same as in ref.||. For the proton, it is 

| [3]) = (duu + udu + uud) (59) 

|[21]MS> = -^(-udu - duu + 2uud) (60) 
V6 

|[21]MA) = -^(udu-duu) . (61) 
v2 

5.1.2 Matrix Elements 

The operators we consider can be written as 

(»<?') 

+ Of s {S F 0° + A f O° s ) L-S + QC{S f O? + A F oP) S 12 ) . (62) 

Then, the matrix element 

0{n' L „n L ) = ^±= {n'{LS')J\\0\\n{LS)J) (63) 

is reduced to sum of the two-body matrix elements. Here n is the number expressing the 
states defined by the eqs. (1321) - (0H). 



a) Flavor-decuplet positive parity baryons 



0(1,1) 
O(7 ,7 ) 

O(7 ,7 2 ) 
O(7 ,8 2 ) 
O(8 ,8 ) 
O(8 ,7 2 ) 
0(7 2 ,7 2 ) 



1 =C t (0-2- J)\/l0 du-od 



2y/2 K 2 2 
- | A 0s + A u + 2A Qp + A 0s + A ls - 6A 

A 0s + A od + A 0s + A d 



Op 



(64) 
(65) 

(66) 

(67) 

(68) 

(69) 
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+ Q s (2-2-J)(-^) Xod + Q(2-2- J)(-^) M } 

1 r S 1 /"s SI /on" i 

0(7 2 ,8 2 ) = _|c7 to (2-2-J)(-^-) XM + a(222-J)(-^ y )6l M } 

0(8 2 ,8 2 ) = 7 ( A) S + ^od + 2A) P + A 0s + A od - 6A 0p 



= - | A 0s + A od + 2A 0p + A 0s + A 
+ G s ( 2 Vj)(-^) X(M } 



6) Flavor- octet positive parity baryons 



0(2,2 
O(9 ,9o 

C(9 ,12 
O(9 ,9 2 
C(9 , 10 2 
C(9 ,ll 2 
C(10 o ,10 o 
C(10 ,ll 
0(1O O ,9 2 
O(ll ,llo 

O(ll ,12 
C(Ho,9 2 
C(9 2 ,9 2 



- <j A 0s + A 0s + A 0s - 3A 0s 



A 0s + A ls + 2A 0v + A 0s + A ls + 2A 



\c t (oh^ J) I (-V2)2 e 0p + ^ ls _ d } 



-L=C t (0^2^ J) I (-Vi)2 £ 0p - VTO ^ ls _ d } 

i I A 0s + A ia + A 0s + A ls + A 0s + A ls - 3A 0s - 3Ai, 



1 



A 



A 



Is 



A 0s + A ls + A 0s - A ls + 3A 



AV2 

i | A 0s + A ls + 2A 0p + A 0s + Z ls + 2A 0p 
+A 0s + A ls - 6A 0p - 3A 0s - 3A ls + 2A 0p J 



3A 



Is 



= ^ c t(o\ 2 l J ) {Vi 2 6 0p - (-VTo) e ls _ od | 
i 



A Qs + A od + 2 A 



Op 

A 0s 



+ C ls {2hh){{-Jl)2xo P + 



Aod + 2A 0p 

/3 S 



2 2 

3.3 



s s 17 no i 

+ d(2-2-J)((-y-)2 6 0p + (-^ y ) fl M ) } 



2 

^0 



) Xod) 
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O(9 2 ,10 2 ) 
C(9 2 ,ll 2 ) 



C(9 2 ,12) 
C(10 2 ,10 2 ) 



0(11 2 ,11 2 ) 



0(11 2 ,12) 
0(12,12) 



1 r 3 1 ^3 3 1 AorT ~i 

= ^ { C ls {2-2-J){-^ 6 -) X o d + C 4 (2-2- J)(-y y) fi M } 

+ C t (2 Vj)((-^/|)2 £ 0p - (-^) 9 0d ) } 

-J ( Ci.(2^4^(-^) Xo P + a(2^1^J)(-v / 3) ^op } 



2 2 



-<j A 0s + A od + A 0s 



A, 



A 0s + A 



0(i 



3A 0s - 3A, 



Od 



+ C ls {2 l -2 1 - J)(~^) Xo d } 



O(10 2 ,ll 2 ) = 



A 0s - A od - A 0s + A 0(i + A 0s - A od + 3A 0s - 3A, 



AV2 

- C ls {2 l -2 l - J){-^) Xoa } 



^0(i 



An, + And + 2A 



An d + 2A 



Op 



+ A Qs + A orf - 6A 0p - 3A 0s - 3A Qd + 2A, 



+ C„(2i2ij)((-y|)2x % ) + (-yf)x M } 



1 1 



4) P + ^o P - 3A 0p + A 0p + C ls (l-1-J)(- 



c) Flavor- singlet positive parity baryons 



C(13 ,13 ) = ^ | 2A 0p + A 0s + A la + 2A 0p - 3A 0s - 3A ls J 



0(13o,14) = -^ C ^l4 J ^-\]l^o P 



C>(13 2 ,13 2 ) = i | 2A 0p + A 0s + A od + 2A 0p - 3A 0s - 3A od 
+ C7,.(2^J)(-^|)2^} 

0(132,14) = -^{^(44 J) ^^ + Ci( 4 1 | ,7)v ^ 5 



(9(14,14) = A 0p + A, 



Op 
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+ Q.(1§1§J)(-^I)^ + «(!§!§ J)^|^ 
d) Negative parity baryons 



(100) 



0(3,3) = l - | A 0s + A 0p + A 0s - 3A 0p } (101) 
0(4, 4) = ^ | A 0s + A 0s + A 0p + A 0p 

+ ^(44^)(-\/f)Xo P + a(44j)(-\/f)^} (102) 

1 r 3 1 /T 3 1 /20" _ 1 

0(4,5) = —^C u (l^J)(-^)^ + Q(l^J)(-^ T )e 0p } (103) 

1 f -r -r -r- ^ „ L 1 , /4, 



0(5, 5) = - | A 0s + A 0p + A 0s - 3A 0p + A 0s + A 0p - 3A 0s + A c 

+ C ls {l\l\j){-^)xo P } (104) 
0(6,6) = i| A 0s + A 0p -3A 0s + A 0p + G s (lWj)(-J^)xo P } • (105) 



Cis(L'S'LSJ) and C t {L'S'LSJ) are defined as 



C a (L'S'LSJ) = \J (2 J + 1)(2L' + 1)(2L + 1)(2S' + 1)(25 + 1){ A A } (106) 

L 5 J 

with A = 1 and 2 for a = Is and t, respectively. The radial integrations are: 

A nl = ^nl\0° m={12) \nl){O c cm={12) ) (107) 

A ni = 3(nl\Og 12 \nl)(Og) (108) 

Xnz = 3{nl\Of sl2 \nl){Of s ) (109) 

^ = 3(nZ|0f 12 |nO(0f) (110) 

6 n , v -ni = 3(n'l'\0° 12 \nl)(0?) . (Ill) 

Those with bars are similarly defined. From eqs.(|6~4] ) - (|105|) , one can actually see only the 
flavor-antisymmetric Op pairs and the flavor-symmetric Od pairs are relevant for the noncen- 
tral part in the single baryons. 



1 Ar) (H2) 





D are 




o° ss 


= = 


—47ra s 


o? s 




—47ra s 


o? 


= tf = 


—4na s 



6m 2 
3 1 

2m 2 47rr 3 

4m 2 47rr 3 ^ ^ 



with 

s^r i A * A 

0° = . 

4 

Therefore, the two-body matrix elements become: 

1 



A 0s 


= A 0s 


A ls 


= A ls 




= Ki 




Xop 




XOd 











2 /"OGE (H5) 

3 . . 

|^OGE (116) 

(Z>0) (117) 

3 , , 

2^oge (H8) 

3 , , 

tVOGE (H9) 



^OGE (120) 

1 / X 

JqV-OGE (121) 



'Od-ls 



1 /iOGE (122) 



160 



1 _ _ 4 1 

/A3GE = o(^os + A 0s - A 0s + 3A 0s ) = a s - 



with 

2 3 V27T m^tr 

which corresponds to the S'-wave N-A mass difference (= 293 MeV). 

As for III, all operators without a bar vanish. The flavor-singlet operators are 

O?, = -V^^S(r) (123) 

with 

02 = 02 = 1 (126) 

O? = ■ (127) 

Thus we obtain the two-body matrix elements for III as 

A 0s = i/ini (128) 
A ls = - m (129) 

o 

A nl = (Z>0) (130) 
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Xop — 2l2^ m (131) 

m z tr 



Xni = (I > 1) (132) 
- 5 1 

Oo P = -r— ^/^m (133) 
o rrrcr 

(/ > 2) (134) 



'nl 



with 



9, 



,(2) 



Mm = -t^o ., 

The mass of baryons are obtained from eq.(p^)- (|105p , by diagonarizing them if necessary, 
and adding the central part. 



5.2 Two Nucleons 

Here we consider a six-quark system (0s) 5 (0p), with quantum number of two nucleons with 
relative partial P-wave. The wave function is 

* = A q <^ = A q {^ 0p (R)} , (135) 

where A q is an antisymmetrizer with respect to all six quarks, 4>n is the nucleon wave function 
defined by the previous section, and the ipo p (R) is a P-wave harmonic oscillator with size 
parameter b and R = (ri + r 2 + r 3 — — r 5 — r 6 ) / y/E. 

Noncentral operators relevant to this state are orbitally-antisymmetric two terms in 
eq.(||). The expectation value by the above state can written as 



= (^(Ofj + O^m/WA^) (136) 

i<j 

= ($|^(^. + Og)(l-9P3 6 )|$)/($|(l-9P 36 )|$) , (137) 

i<j 

where P 36 = P^PieP^P^ * s the exchange operator for quark i, and j in the color, flavor, 
spin and orbital space. The numerator is 

nmoi + oim - 9 { 4($i(of 4 + of 4 )p 36 i$) + mK + o s m )p 3 ^} } 

= 9 { 2<$|(e> 3 4 6 + Of 6 )|$) - 4($|(0f 4 + 0f 4 )P 36 |$> } 

= 18 { (S|S£,|S) + (*|0g,|*> - 2($|Of 4 P 36 |$) } (138) 
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Here we use 



W P X = ^36^13 (139) 
($|G 13 |$) = ($|Oi 3 P 3 6|$) = (140) 
($1036^361$) = -m0 36 \$) . (141) 

For the spin-orbit part, = fir^L^ ■ Sij, each term in eq.( |138|) can be evaluated as 

($|0 36 |$) = ^(f(r 36 )L m .S 36 (l T P^TPi,)(l + Pie)^-Pse)) (142) 

= i(l T (P3 C 6))^((/(^36)^6(l-i 3 3°6)))^^6(l +^36 T-?36 T ^f)) (143) 

($|0 14 P 36 |$> = ^(/(r 14 )L 14 -5 1 4(lTP 1 C 4)(lTA4)(l + Pi4)(l-A4)P36) (144) 

= \{{Pk) T (A C 4P36))^((/(n4) J Ll4(l - Pr 4 )P 3 °6» 

xl(S 14 (l + F^P/ 4T PM) • (145) 



The =f reads - for O and + for O s . The color part is (P 3 C 6 ) = (P 1 C 4 P 3 C 6 ) = §■ The spin-flavor 
part can be calculated directly: 

(pV|53 6 (l + P 3 S 6 TP3 / 6 TP36 / )bV) = i{^ + ^^T^} = {f (146) 

^ 27 

(pV|5 m (i + Px s 4 t pL t p*d)p£W) = i{^ + ^ T ^ T ^} = ll - (147) 

^ 81 

</(r„)L„(l - P 3 ° 6 )> = § (or for £> A (or s ) and (/(r y )L y (l - P 3 ° 6 )> = fxg,- 

The denominator of eg. (|137|) is §yHJH- Thus the matrix element eg. (|138|) is 

<*I<W = ^Xl+^X S 0P - (148) 

(149) 

The coefficients are listed as Cnn in Table 2. The tensor part can similarly be obtained: 

mom = -^< + |^ p (150) 

(151) 

by using 

(pV + P 3 S 6 =F Pl T Psi)\p l P l ) 

(pVI44(i + PL t p/ 4 t p$)pUW) 

21 



9 9 17 17 
4 L 81 + 81 T 81 ^ 81 



I I 102 102 T 162 T 162 J | _L. 

162 




(152) 



(153) 



One can clearly see that the flavor symmetric part of the operator is dominant in this state 
both for the spin-orbit term and the tensor term. 

The actual value is obtained by substituting Xo P by Xo P i n eqs. ( |118| ) and (|131|) and Xop 
by — I/X0GE5 an d by substituting 9 by 9 0p in eqs.( |120|) and ( |133| ) and 9q by — |/Uqge- 
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Figure 1 

Mass spectra for a) the negative parity nonstrange baryons and b) the positive parity 
(N=2) nonstrange baryons. The observed mass spectrum is shown by stars. The columns 
corresponds (from left to right) to H c , H c + tensor term of OGE, H c + LS and the tensor 
term of OGE, H c + LS of OGE for 0<i-quark pairs only, H c + LS and the tensor terms of 
OGE and III with pm = 0.4. Each number corresponds to the spin, 2 J, of the level. 

Figure 2 

Two-nucleon scattering phase shifts for the spin-triplet relative- P-wave states. The phase 
shifts are recompiled to present the strength of the central ( 3 -Pc), the spin-orbit { 3 Pls) and 
the tensor part ( 3 -Pr)- (See text.) The circles corresponds to the experiments VZ40[^], the 
solid lines are for p m = 0, and the dashed lines are for p m = 0.4. 
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Table 1: Parameters for the quark model and for the effective meson exchange potential. 
(See text) 



m u [MeV] 


a s 


T/(2) 


6[fm] 




313 


1.657 


-483.8 


0.62 




Pm 


a conf [MeV/fm] 


V a [MeV] 


r CT [fm] 


r a [fm] 





43.84 


-702.9 


0.617 


0.25 


0.4 


31.40 


-528.7 


0.579 


0.25 



Table 2: Matrix of the OGE and III spin-orbit and the tensor terms in units of their 
contribution to the ground state A-N mass difference. Their contribution to N( 5 / 2 ~), iV( 7 / 2 + ) 
and the six quark state for the spin-triplet two-nucleon system are listed as Cn=i, Cn=2 and 
Cnn- 





OGE 


III 


Cjv=i 


Cn=2 


Cnn 


(Ols)op 


i 

2 


1 1 

3m 2 6 2 


3 
2 


3 
2 


0.12 


(®Ls)op 


1 
4 









1.52 


(®Ls)od 


1 

5 








3 
2 




{£ > Ls)od 


1 

10 











tens) Op 


1 

12 


5 1 

18 m?b 2 


3 
5 


3 
5 


-0.16 


tens) Op 


1 

24 









0.84 


\Ptens)od 


1 

30 








3 
7 




(®tens)ls~0d 


1 

12-/L0 













{®tens)od 


1 

60 











(Otens)ts-0d 


1 

24 v / 10 
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Negative-Parity Baryon Mass 

[GeV] 



1,3,5 —1,3,5 »h*** 1,3 1,3 1,3 1,3 



4 ** 



1,3 



1 3 



1 



1 



1.3 J- 



l 



Fig. la: Negative-parity excited baryon mass spectrum 



Positive- Parity Baryon Mass 

[GeV] 
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Fig. lb: Positive-parity excited baryon mass spectrum 
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